We explore mechanisms for flow generation in water-filled nanochannels, employing the coupling between translational and rotational momentum. Using a generalized Navier-Stokes equation that includes dipolar polarization and relaxation, we show that static electric fields do not induce fluid flow in the planar geometry, while rotating electric fields efficiently convert electric into hydraulic power on the nanoscale. We also perform extensive molecular dynamics simulations of water in nanochannels and find that erroneous force truncation can give rise to spurious flow effects for static electric fields. [4, 8, 9] . A way out of this dilemma was proposed in recent molecular dynamics (MD) simulations of aqueous interfaces, where pure water without any added ions induced electrophoresis of the same sign and size as observed experimentally for air bubbles or oil droplets [10] . The mechanism for this water-induced electrophoresis was speculated to be related to the interfacial water structure, involving static properties such as dipolar ordering [11] and the density profile [12] and dynamic properties such as surface viscosity and slip length [13] . The ability of electric fields to produce hydrodynamic shear at pure-water interfaces opens attractive applications in other geometries such as water-filled carbon nanotubes [14] , for which indeed water pumping in the presence of electric fields was recently demonstrated in MD simulations [15] . Despite the great fundamental importance, a theory that combines hydrodynamics and electric field effects for interfacial water is missing.
We explore mechanisms for flow generation in water-filled nanochannels, employing the coupling between translational and rotational momentum. Using a generalized Navier-Stokes equation that includes dipolar polarization and relaxation, we show that static electric fields do not induce fluid flow in the planar geometry, while rotating electric fields efficiently convert electric into hydraulic power on the nanoscale. We also perform extensive molecular dynamics simulations of water in nanochannels and find that erroneous force truncation can give rise to spurious flow effects for static electric fields. Microfluidic devices for controlling fluid flow find increasing use in scientific and industrial contexts [1] . The ambitious goal of nanofluidics is to reach even smaller length scales and manipulate flows on the scale of biopolymers and single proteins. Clearly, on such small scales surface effects are dominant and have to be taken into consideration. Moreover, a variety of different strategies actually exploit boundary effects to manipulate fluids, such as acoustic streaming [2] and electrokinetic effects [3] . Ever since the first electrophoretic measurements it has been known that nominally uncharged substances like air bubbles and oil droplets in pure water move towards the positive electrode and thus behave as effectively negatively charged [4] . Based on streaming-potential [5] , titration [4] , and thin-film stability studies [6] , this behavior is attributed to the interfacial accumulation of negatively charged ions such as OH À . For the air-water interface, however, recent second-harmonic generation [7] as well as spectroscopy experiments and simulations [8] suggest that not OH À but H 3 O þ shows enhanced interfacial adsorption. This discord has stirred fierce discussions [4, 8, 9] . A way out of this dilemma was proposed in recent molecular dynamics (MD) simulations of aqueous interfaces, where pure water without any added ions induced electrophoresis of the same sign and size as observed experimentally for air bubbles or oil droplets [10] . The mechanism for this water-induced electrophoresis was speculated to be related to the interfacial water structure, involving static properties such as dipolar ordering [11] and the density profile [12] and dynamic properties such as surface viscosity and slip length [13] . The ability of electric fields to produce hydrodynamic shear at pure-water interfaces opens attractive applications in other geometries such as water-filled carbon nanotubes [14] , for which indeed water pumping in the presence of electric fields was recently demonstrated in MD simulations [15] . Despite the great fundamental importance, a theory that combines hydrodynamics and electric field effects for interfacial water is missing.
In this Letter, we start from the generalized NavierStokes equation that includes the molecular angular momentum due to rotating water molecules [16] [17] [18] . The appropriate boundary conditions at a planar interface include besides the well-known shear slip length also the spin slip length that describes how strong the rotational surface coupling is. We generally show that for static electric fields the interfacial flow vanishes. For rotating electric fields, on the other hand, nonvanishing flow is obtained and with appropriate boundary conditions also net water pumping in rectangular channels. Here, the injected torque due to the electric field is efficiently converted into flow vorticity. To resolve the discrepancy with the above-mentioned MD results [10] , we perform extensive MD simulations. Spurious water flow effects for static electric field are traced back to an erroneous truncation of Lennard-Jones interactions.
The generalized hydrodynamic theory that includes the effect of an electric field on dipolar fluid particles involves not only the velocity field uðx; tÞ, but also the spin field !ðx; tÞ, which measures the local mean angular particle velocity. In this case, the antisymmetric part of the stress tensor, which vanishes for monoatomic fluids, is in general nonzero [19] . The angular momentum density is the sum of the vorticity contribution x Â u and the spin contribution I!. The moment of inertia per unit mass I is a tensor that in general depends on the moments of inertia of a single particle and the local particle orientational distribution. Because of the approximate mass isotropy of a water molecule, we approximate I to be diagonal and proportional to I. The balance equation for the spin angular momentum reads [20, 21] 
where Å a is the antisymmetric part of the shear stress tensor in axial vector representation, À is the external torque density vector and the spin stress tensor is denoted as C. The substantial derivative is defined as d!=dt ¼ @!=@t þ u Á r!. To leading order the material equations for Å a and C read
with r the vortex viscosity and the spin viscosity. The velocity field is described by the Navier-Stokes equation for incompressible fluids in the absence of a body force,
with p the hydrostatic pressure and the shear viscosity, and includes via Å a a coupling to the spin field !ðx; tÞ. For the rectangular geometry considered in this Letter, sketched in Fig. 1(a) , we have u ¼ê 1 u 1 ðx 3 Þ and ! ¼ !ðx 3 Þ. The only nonzero component of the vorticity r Â u is the x 2 -component. In steady state, Eqs. (1) and (2) reduce to
for i ¼ 1, 2, 3, so the spin fields ! 1 and ! 3 are zero if the torque components À 1 and À 3 vanish. By integrating Eq. (3) once over x 3 we obtain
where c 1 is an integration constant to be fixed by boundary conditions. Equation (5) indicates that the vorticity r 3 u 1 is linearly coupled to the spin field component ! 2 .
Combining Eqs. (4) and (5) yields the differential equation
for arbitrary torque density À 2 and the spin screening length À1 defined by 2 ¼ 4 r =½ð þ r Þ. Static electric field.-We assume a constant external electric field E 0 1 in the x 1 direction. The dipolar interfacial water ordering is modeled by an intrinsic orienting field E 3 ðx 3 Þ in the x 3 direction due to interactions between neighboring water molecules [11] . The electric field reads E ¼ê 3 E 3 ðx 3 Þ þê 1 E 0 1 . The linear evolution equation for the dipole moment per unit mass ¼ ðx 3 Þ reads
with the orientational relaxation time and the polarizability per mass. Because of the slab symmetry, we 
2 Þ, which together with Eq. (6) yields
Equation (8) is solved trivially by ! 2 ¼ 0 and thus a vanishing flow field u 1 ðx 3 Þ is a valid solution according to Eq. (5). In hydrodynamics, the solution of minimal entropy production turns out to be the stable solution [17] . We conclude that a static homogeneous electric field does not lead to water pumping in the stationary state. Rotating electric field.-As the simplest scenario for torque injection, we consider a rotating electric field in the (x 1 , x 3 )-plane. The total electric field reads E 1 ¼ E sint and E 3 ¼ E cost þ E 3 ðx 3 Þ with the frequency and E the amplitude of the rotating field. Equation (7) has the solution 1 ðx 3 ;tÞ
2 Þ þ e Àt= ðC 1 cos! 2 t þ C 2 sin! 2 tÞ and 3 ðx 3 ;tÞ¼E coscosðtÀÞþE 3 =ð1þ! 2 2 2 Þ þ e Àt= ðC 2 cos! 2 tÀC 1 sin! 2 tÞ, where C 1 and C 2 are constants determined by initial conditions, and ¼ arctan½ð À ! 2 Þ. In the long-time limit, t ! 1, the polarization density thus follows the electric field with a phase difference . To make the problem analytically tractable, we time average Eqs. (1) and (3). We thus obtain the analogues of Eqs. (5) and (6) involving the timeaveraged torque " À 2 ¼ ð=2Þ
Þdt, velocity " u 1 and spin density " ! 2 . We find
Because of the nonlinear dependence of " À 2 on " ! 2 , Eq. (6) has no analytical solution. Therefore, we first perform a perturbative analysis and later solve Eq. (6) numerically.
Perturbative analysis.-Because the torque " À 2 is OðE 2 Þ, Eq. (6) shows that the spin field " ! 2 is OðE 2 Þ as well. To leading order in powers of E, Eq. (9) reduces to
and thus the torque is constant and homogeneous. Solving Eqs. (5) and (6) gives (together with c 1 ) four constants of integration, which are fixed by the slip boundary conditions for the velocity field 
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and the slip boundary conditions for the spin field [22] Ç s AE r 3 "
The parameters b AE are the velocity slip lengths at the upper and lower bounding surface, while s AE denote the corresponding spin slip lengths. We next solve Eq. (6) using Eq. (10), subject to Eqs. (11) and (12) . The velocity profile is obtained by integrating Eq. (5). Since the vortex viscosity r for water is much smaller than the shear viscosity with a ratio r = % 0:1 [23] , we in the following neglect terms of order r = (the complete solutions are presented in [21] ). For the symmetric case,
where
Þ is the solvent electric response frequency. For all symmetric channels, the total fluid flow vanishes by symmetry,
For an asymmetric channel with b À ¼ 0 and b þ ! 1, as appropriate for a hydrophilic bottom surface and a hydrophobic top surface, and s À ¼ s þ ¼ s we find
The integrated fluid flow is nonzero and in the limit h ) 1 and s ( 1 given by R h Àh " u 1 ðx 3 Þdx 3 % Âh 2 . As solid lines in Fig. 2 we show the analytic predictions of Eqs. (13) and (14) for symmetric and asymmetric boundary conditions and for two different rescaled channel heights h. To check the perturbative approximation in Eq. (10) and the neglect of the water orientation field E 3 , we determine E 3 from MD simulations for a hydrophilic and a hydrophobic surface [21] . We then solve Eqs. (5) and (6) numerically, giving the dashed lines in Fig. 2 , which agree very nicely with the analytic results (solid lines). From MD simulations for bulk water we extract a dipolar relaxation time of ¼ 7 AE 2 ps, in fair agreement with the experimental value of 9 ps [24] ; the polarizability per unit mass is ¼ 3:3 AE 0:3 Â 10 6 m 2 eV À1 kg À1 , which corresponds to a relative dielectric constant of " ¼ 61 AE 6, close to the known value for SPC/E water (see supplement, [21] ). Although the flow response is maximal for a driving frequency equal to the inverse molecular relaxation time À1 , we explicitly consider the common microwave frequency of ¼ 2 Â 2:5 GHz. For a realistic external field strength E ¼ 10 À4 V Á nm À1 , water viscosity ¼ 10 À3 Pa Á s and density ¼ 10 3 kg Á m À3 we find a response frequency of Â ¼ 570 s À1 and thus predict sizeable shear effects and flows even in nanochannels. The mean power dissipation per unit volume turns out to be " P % Â irrespective of the boundary conditions [21] . For the example given above it can be shown that heating due to relaxational dissipation is easily counteracted by heat conduction for channel heights up to 0.03 mm [21] . If necessary, heating can be further reduced by lowering the driving frequency or the electric field strength. The spin viscosity , the value of which is not available for water, we assume to scale as ¼ a 2 r where a is of the order of the diameter of a water molecule. This scaling relation is confirmed by available data for liquid nitrogen [18, 25, 26] . In the limit r = ( 1 we obtain for the spin screening length À1 % a=2 and thus for a water diameter scale a ¼ 0:3 nm we find À1 % 0:15 nm. This shows that the limit h ) 1 is relevant and realized already for nanometersized channels.
Simulations.-Our analytic results contradict previous MD simulations at nonpolar surfaces, which showed electro-osmotic flow for static electric fields [10] . To clarify the situation, we simulate two planar interfacial aqueous systems in tangential static electric fields of strength 0:4 V Á nm À1 , namely, a hydrogen-terminated diamond surface and an oil slab. Snapshots of the simulation systems are shown in Fig. 1 ; for details see [21] . In MD simulations, the Lennard-Jones (LJ) interactions are truncated in various ways. In the simple cut-off scheme, the LJ force is unchanged for r < r c and set to zero for r > r c , giving rise to a force discontinuity at r ¼ r c . In the shifted scheme, a nonlinear function is added to the original LJ force so that the force smoothly reaches zero at r ¼ r c without discontinuity [27] . In Fig. 3(a) , the LJ interaction between two water molecules is shown for the two different truncation schemes with r c ¼ 0:8 nm. In principle, both truncation schemes are physical and should give comparable results. In Fig. 3(b) we show the velocity (13) and (14), while broken lines show numerical solutions of Eqs. (5) and (6) using E profile between two periodic images of the hydrophobic diamond slab using the simple cutoff scheme with r c ¼ 0:8 nm. The water velocity, measured relative to the stationary diamond slabs, is obviously nonzero, and the fluid moves in the direction of the external electric field. The x 2 component of the spin field ! is shown in Fig. 3(c) , together with the x 2 component of the vorticity r 3 u 1 . According to Eq. (5) the spin field should be proportional to the vorticity. In contrast, the spin field in Fig. 3(c) is zero over the whole range, indicating an unphysical decoupling of vorticity and rotation of water molecules.
We subsequently calculate the -potential from the average bulk velocity u 1 using the Helmholtz-Smoluchowski equation Figs. 3(d) and 3(e) we show as a function of r c for the two different truncation schemes for the hydrophobic diamond and the oil slab, respectively. For all substrates, the -potential shows a strong spurious dependence on r c in the simple cut-off scheme, while the shifted scheme gives vanishing fluid flow within the numerical error. Only in the limit r c ! 1 the unphysical dependence on the truncation scheme vanishes and the simple cut-off scheme shows vanishing fluid flow in agreement with our analytic results. In a very similar simulation setup, Huang et al. obtained vanishing electro-osmotic flow at a neutral Lennard-Jones surface in a NaCl solution [13] . Those simulations used the program LAMPPS with a simple cutoff LJ truncation scheme and r c ¼ 1:0 nm. This shows that there is nothing wrong with the simple cutoff scheme per se, but that the problem with LJ truncation in previous simulations [10] and in the results presented in Fig. 3 , all performed with GROMACS, is an implementation-related issue.
In conclusion, using a generalized Navier-Stokes equation with appropriate surface boundary conditions, we show that in an electroneutral dipolar fluid, static electric fields do not give rise to interfacial flow, even in the presence of dipolar surface ordering. However, erroneous truncation of LJ interactions in simulations can give rise to spurious flow effects. Pumping in nanochannels is possible with rotating electric fields, which opens the way for efficient power-conversion in nanodevices.
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